Summary UV-irradiation damages DNA and activates expression of genes encoding proteins helpful for survival under DNA stress. These proteins are often deleterious in the absence of DNA damage. Here, we investigate mechanisms used to regulate the levels of DNA-repair proteins during recovery by studying control of the nucleotide excision repair (NER) protein UvrA. We show that UvrA is induced after UV-irradiation and reaches maximum levels between ~20 to 120 min post-UV. During post-UV recovery, UvrA levels decrease principally as a result of ClpXP-dependent protein degradation. The rate of UvrA degradation depends on the amount of unrepaired pyrimidine dimers present; this degradation rate is initially slow shortly after UV, but increases as damage is repaired. This increase in UvrA degradation as repair progresses is also influenced by protein-protein interactions. Genetic and in vitro experiments support the conclusion that UvrAUvrB interactions antagonize degradation. In contrast, Mfd appears to act as an enhancer of UvrA turnover. Thus, our results reveal that a complex network of interactions contribute to tuning the level of UvrA in the cell in response to the extent of DNA damage and nicely mirror findings with excision repair proteins from eukaryotes, which are controlled by proteolysis in a similar manner.
INTRODUCTION
Free-living organisms are exposed to diverse environmental (chemical and physical) and endogenous (metabolic products) factors that can damage DNA. Exposure to UVirradiation, a deleterious environmental factor, produces a variety of photoproducts in the genomic DNA, of which the major species are cyclobutane pyrimidine dimers (CPDs) and pyrimidine-pyrimidone (6-4) photoproducts (6-4PPs) (Cadet et al., 1992) . To survive in a UV-rich environment and combat DNA damage, E.coli induces the SOS response. Induction occurs via inactivation of the LexA repressor, which results in transcriptional activation of the approximately 40 SOS regulon genes (Walker et al., 2000; Courcelle et al., 2001; Friedberg et al., 2005) . Many of these genes encode proteins involved in repair of DNA damage or damage tolerance that enhance survival during exposure to damaging agents. However, these proteins can be deleterious when present at inappropriate levels, especially in the absence of damage. We are therefore interested in elucidating mechanisms controlling the levels of SOS-regulon proteins during the recovery phase of a DNA damage response. Numerous SOS proteins are substrates for ATP-dependent proteolysis (Little, 1983; Mizusawa and Gottesman, 1983; Frank et al., 1996; Wu et al., 1999; Gonzalez et al., 2000; Neher et al., 2003a; Neher et al., 2003b; Nagashima et al., 2006; Neher et al., 2006) , but little is known about how protein degradation is controlled during the repair and recovery phases of a damage response.
The SOS regulon includes the uvrA and uvrB genes involved in the nucleotide excision repair (NER) pathway (Kenyon and Walker, 1981; Fernandez De Henestrosa et al., 2000; Courcelle et al., 2001) . UV-induced DNA lesions are recognized and removed by the NER pathway through the concerted action of the UvrABC proteins. NER is comprised of two subpathways: global NER and transcription-coupled repair (TCR). During global NER the UvrA 2 UvrB or UvrA 2 UvrB 2 complex recognizes the damaged sites in the DNA (Orren and Sancar, 1989; Theis et al., 2000; Verhoeven et al., 2002; Malta et al., 2007) and recruits the UvrC endonuclease in a multistep ATP-dependent process (Sancar and Rupp, 1983) . The UvrAB complex scans the DNA in search of damage, with UvrA detecting a distortion in the DNA and UvrB verifying the presence of the lesion. After the damage is found, UvrA hydrolyzes ATP, dissociates from the complex, and the UvrB-DNA preincision complex is formed. The UvrC endonuclease binds to this preincision complex and cleaves the damaged DNA strand on both sides of the lesion. This ssDNA segment is then removed to allow for repair DNA synthesis (Sancar, 1996; Van Houten et al., 2005; Truglio et al., 2006) .
The TCR subpathway requires Mfd, the transcription-coupling repair factor, which recognizes the stalled RNA polymerase at the damaged site and recruits UvrA (Roberts and Park, 2004; Savery, 2007) . As in global repair, UvrA loads UvrB onto the damaged DNA to initiate repair. As a consequence of the TCR subpathway, DNA lesions are repaired more efficiently from transcribed strands than from nontranscribed strands in the genome (Mellon and Hanawalt, 1989; Mellon, 2005) . NER can repair a broad range of DNA lesions and thus it has been suggested that the UvrAB complex recognizes distortions in the DNA. This idea is supported by the observation that 6-4PPs, which distort the DNA backbone more than CPDs, are incised at a higher rate (Chandrasekhar and Van Houten, 2000) . The NER machinery can also attack undamaged DNA and thus may be a source of spontaneous mutations (Caron and Grossman, 1988; Branum et al., 2001; Hasegawa et al., 2008) . Therefore, there must exist mechanisms to restrict the activity of the DNA repair proteins, both temporally and spatially, to regions of DNA damage.
In this study we address the strategies E. coli uses to return the NER proteins to their basal steady-state levels after DNA damage has been repaired, to avoid promiscuous incision activity on non-damaged DNA. Proteolysis is a powerful mechanism used by cells to control adaptation and recovery after exposure to a variety of stress conditions. E. coli has five ATP-dependent proteases: ClpAP, ClpXP, FtsH, HslUV and Lon (Gottesman, 2003; Sauer et al., 2004; Hanson and Whiteheart, 2005) . To degrade proteins, ClpX (the ATPase) selects the substrates by recognizing short peptide motifs often near the N or C terminus, then unfolds the proteins and translocates the polypeptides into the ClpP (peptidase) proteolytic chamber where they are cleaved into short peptides (Sauer et al., 2004) . Adaptor or delivery proteins facilitate recognition and promote degradation of several substrates by binding to the N-domain of ClpX (Sauer et al., 2004) .
A previous proteomic study indicated that UvrA is a substrate for degradation by ClpXP, but did not investigate the physiological context of this degradation (Neher et al., 2006) . To understand the physiological relevance of UvrA degradation we performed experiments to detect changes in UvrA levels and determine how proteolysis changes throughout the repair and recovery phases of the damage response. We found that UvrA levels increase after UVirradiation (10J/m 2 ) as a result of induced rate of synthesis and increased protein stability in concert with SOS-induced transcription of uvrA. The UvrA levels peak 20 to 120 min post-UV, and during further post-UV recovery the levels gradually decline in wild-type cells but not in clpX or clpP mutant cells. We show that ClpXP degrades UvrA at different rates during the distinct stages of post-UV recovery when the cells contain different levels of unrepaired CPDs. These data suggest that removal of CPDs significantly enhances the rate of UvrA degradation. As UvrA interacts with both UvrB and Mfd during repair, the influence of these proteins on UvrA degradation was tested. Our results suggest that soon after DNA damage, when repair is most needed, UvrA is stabilized by two types of interactions: complex formation with damaged DNA and protein-protein interactions with its partner in the repair, the enzyme UvrB. Once repair nears completion, these interactions become less frequent, the rate of degradation raises, and UvrA levels fall and eventually reach their pre-induction levels.
RESULTS

UvrA protein levels decrease during post-UV recovery in wild-type cells but not in clpX or clpP mutant cells
Quantitative mass spectrometry experiments suggested that ClpXP recognized UvrA at a detectable level only when cultures were treated with a DNA damaging agent (nalidixic acid) (Neher et al., 2006) . We wanted to understand why ClpXP recognizes UvrA under DNA damage-inducing conditions, when UvrA is most needed to repair DNA lesions, and if there was any regulation of this recognition. First, we measured the UvrA levels before and after UV exposure (UV dose 10J/m 2 ) in wild-type, clpX or clpP deletion cells, and normalized these levels against the respective values in cells before irradiation. In wild-type cells UvrA levels increased following UV-treatment, and reached a maximum (approximately 2.5-fold increase) between 20 and 120 min post-UV (Fig. 1A) . Prolonged recovery resulted in a decrease of UvrA level, with the level returning to that found in undamaged cells approximately 3 hours after UV treatment. A very similar pattern of induction of UvrA and post-UV decline was previously described (Lin et al., 1997) . In clpX or clpP mutant cells the UvrA protein was induced by UV treatment, but no drop in protein level was observed during recovery (Fig. 1A) . The mutant cells showed a slight growth defect at long times post-UV (Supplemental Figure 1) and a slightly lower induction of UvrA after UV-damage compared with the induction in wild-type cells (approximately 1.75-fold increase in level versus a 2.5-fold increase). However, maximal induction is reached in the same time frame, regardless of the presence or absence of ClpX or ClpP.
The rate of UvrA degradation varies with recovery time
We reasoned that the post-UV decline in UvrA protein levels in wild-type cells was most likely the result of protein degradation. To determine directly whether UvrA was degraded during the different stages of recovery post-UV, we used pulse-chase labeling of wild-type cells and immunoprecipitation of UvrA ( Fig. 2A) . In cells that were labeled immediately after UV-irradiation (no recovery) or allowed to recover for 5 min and then labeled, UvrA was degraded with a half-life of ~175 min. Importantly, UvrA degradation was substantially faster (half-life of ~95 min) in cells that were allowed to recover for 15 min after UV damage, and maximal proteolysis (half-life of ~70 min) was observed at recovery time of 40 min. The culture doubling-time after UV-irradiation was about 90 min (Supplemental Figure  1) , thus cells rid themselves of UvrA principally by protein degradation rather than by dilution due to cell growth. The UvrA half-life did not decrease further by increasing the time of recovery (data not shown).
As a control for the degradation activity of ClpXP, we tested the rate of sigmaS degradation (also a ClpXP substrate) in undamaged cells and immediately after UV-irradiation. Under both conditions, sigmaS was degraded with a half-life of 1-2 min (data not shown), which is characteristic for this protein in exponentially growing cells in minimal medium (Lange and Hengge-Aronis, 1994) . These results support the assumption that ClpXP activity, per se, is not affected by UV treatment.
UvrA synthesis rates vary ten-fold during damage and recovery
In our pulse-chase experiments we observed that UvrA rates of synthesis vary significantly during post-UV recovery (compare the intensities of the UvrA bands in the first lanes of Fig.  2A) . Therefore, to analyze the interplay between protein synthesis and protein degradation, we measured the UvrA rate of synthesis before and after DNA damage. In the absence of DNA damage, UvrA was synthesized at low rate (Fig. 2B) . During post-UV recovery this rate increased and reached a maximum (tenfold higher than the basal level) at 5-15 min recovery. Further recovery resulted in a gradual decrease in synthesis rate, with return to the basal rate 2 hours after UV-irradiation (Fig. 2B ).
The uvrA and uvrB genes are among the first SOS genes to be induced following UVirradiation (Kenyon and Walker, 1981; Fernandez De Henestrosa et al., 2000) . During post-UV recovery the decline in uvrA transcript level and UvrA rate of synthesis, as well as enhanced UvrA proteolysis contribute to return UvrA to the basal level after the DNA damage has been repaired (see Discussion).
UvrA protein is stabilized in clpX mutant cells
To determine more directly if UvrA degradation was promoted by ClpXP protease, we repeated the pulse-chase experiments in a clpX deletion strain. We choose to determine the rate of UvrA degradation in the mutant cells at 40 min recovery because the fastest rate of degradation was observed at this time point (Fig. 2A) . Strikingly, the UvrA half-life increased from ~70 min in wild-type cells to ~275 min in the clpX mutant cells (Fig. 3) . The UvrA rate of synthesis was also higher in undamaged clpX mutant cells than in wild-type cells (data not shown) suggesting that ClpX also helps to keep UvrA levels very low under normal conditions. We propose that ClpX keeps UvrA levels low in at least two different ways: repressing gene expression (likely indirectly) and degrading UvrA.
Stabilization of UvrA in ClpXP-defective cells is not due to a defect in repair
Two general models could explain the stabilizing effect of the clpX mutant on UvrA: (1) the effect could be due directly to preventing proteolysis of UvrA by the ClpXP protease and (2) the effect could be more indirectly caused by a higher level of DNA damage or deficiency in DNA repair in the clpX mutant cells. As previous studies have revealed that ClpXP influences numerous components of the SOS regulon (see Introduction), including the LexA repressor, it was important to directly address the degree to which this second model may be contributing to UvrA stabilization.
To address how much DNA damage was present in the different strains, we needed an assay for UV-induced photoproducts. UV light induces two major types of lesions, CPDs and 6-4PPs (Cadet et al., 1992) . The extent of UV damage repair was assayed in wild-type, clpX or clpP mutant cells by measuring the CPD levels in DNA immediately after UV exposure, and at different time points during recovery of the irradiated cells. CPDs were measured by direct ELISA under conditions where photolyase (another repair enzyme) was inefficient.
As shown in Fig. 4A , CPDs were both induced by UV light and repaired with similar efficiencies in wild-type, clpX or clpP mutant cells. Approximately 30-34% of the CPDs were removed in cells allowed to recover for 5 min and the extent of DNA repair increased gradually with the time of recovery: ~57-61% were removed by 15 min recovery and 75-77% by 40 min recovery. This CPD repair in wild-type cells was similar with that reported by Lin et al., 1997 . To test whether any of the CPDs were repaired by the photolyase, we measured the removal of CPDs in a clpX, uvrA double mutant, and observed no detectable repair (data not shown). These results are consistent with the fact that little blue light (300-500 nm) was present in our experiments, and it is this wavelength light that is used by E. coli photolyase to repair the CPDs (Kelner, 1951; Thompson and Sancar, 2002; Cleaver, 2003) .
The results from the measurement of CPD levels in wild-type, clpX and clpP cells clearly revealed that the levels of damage, and kinetics of repair were similar with and without a functional ClpXP protease. These data argue against the model that UvrA is stabilized in the clpX mutant due to high levels of DNA lesions in these cells. Given that ClpXP likely directly degrades UvrA, one might have expected faster kinetics of CPD repair in the protease mutant strains. However, examination of UvrA protein levels revealed that the change in protein concentration was not dramatic during the "repair phase" of the damage response. We performed western blots to measure the UvrA levels; in each case, values were normalized against the level in wild-type cells before irradiation. UvrA levels in mutant cells compared to the levels in wild-type cells during recovery were only 1.3-fold higher (Fig.  4B ). This rather minor difference in UvrA explains the similar rates of CPDs removal in wild-type and mutant cells during recovery. Note that the protease mutant cells also have a 2-fold higher level of UvrA compared with that in wild-type cells before irradiation ( Fig.  4B ), explaining the smaller increase in UvrA levels following UV exposure ( Fig. 1A ) and supporting the hypothesis that UvrA is also a ClpXP substrate during "nondamaging" conditions.
The influence of other NER components on UvrA degradation
During the DNA repair process the UvrA protein interacts with both UvrB and Mfd (Fig.  5A ). UvrB consists of five structural domains (see Fig. 5A ) (Theis et al., 2000) . The crystal structure of Bacillus caldotenax UvrB shows that the UvrA-interacting residues are located on the surface of domain 2 (Truglio et al., 2004) . Structural analysis of Bacillus stearothermophilus UvrA and biochemical experiments reveal that an inserted segment, within the nucleotide-binding domain I of UvrA, interacts with D2 of UvrB (Pakotiprapha et al., 2008) . The structure of Mfd was recently solved and reveals eight structural domains (see Fig. 5A ), three of which comprise a homology module similar to domains 1a, 2 and 1b of UvrB (Assenmacher et al., 2006; Deaconescu et al., 2006) . The putative UvrA binding surface is buried in the D2/D7 interface of Mfd (Deaconescu et al., 2006) . Based on the previous experiments with a C-terminal deletion mutant of Mfd, it has been proposed that this region (D7) may play a role in preventing unproductive Mfd-UvrA interactions and UvrA sequestration from the global NER in the absence of the stalled RNA polymerase (Selby and Sancar, 1995; Deaconescu et al., 2006) .
To test whether UvrB and Mfd proteins influence UvrA degradation we performed pulsechase experiments in uvrB and mfd mutant cells and determined the rate of UvrA degradation at 40 min post-UV treatment. Deletion of either mfd or uvrB increased UvrA half-life from ~70 min in wild-type cells to ~150 min in the mfd mutant and to ~290 min in the uvrB mutant cells (Fig. 5B) . The absence of Mfd or UvrB from the cells is expected to affect the kinetics of DNA repair and may also influence UvrA stability more directly, as both proteins are known to interact with UvrA.
To begin to differentiate between protein-protein interactions and damaged DNA interactions that may contribute to increased stability of UvrA, we measured CPD removal in the mfd and uvrB mutants to assess the extent of repair. Interestingly, the mfd mutant was able to repair lesions. Although the kinetics of repair were slower, by 40 min recovery these mutant cells had a similar level of CPDs as the wild-type cells (Fig. 5C) . However, at this time point, UvrA degradation was clearly repressed (Fig. 5B) . Thus, we conclude that the mechanism underlying the increased stability of UvrA in the mfd mutant is not simply the persistence of damaged DNA. Rather, the presence of Mfd somehow "enhances" UvrA degradation; possible mechanisms for this enhancement are discussed below (see Discussion).
In contrast to the effect of mfd, disruption of the uvrB gene eliminated the capability of UVirradiated cells to repair damaged DNA (Fig. 5C ). Therefore we next wanted to test if the increased UvrA half-life in the uvrB mutant was solely due to the elevated CPDs slowing degradation or if the UvrB protein also plays a direct role in UvrA degradation. To test whether the damaged DNA-UvrA interaction was exclusively responsible for increased UvrA stability, we constructed an inactive uvrC allele and measured the rate of UvrA degradation in these cells. This strain should contain all components of the NER pathway but should be unable to repair lesions.
Upon binding to the DNA-UvrB preincision complex, UvrC performs two incisions in a defined order (Sancar, 1996) . UvrC contains two distinct active sites that promote these two DNA cleavages (Verhoeven et al., 2000) . We decided to construct a chromosomallyinserted uvrC alelle that encodes a protein unable to perform the 5' incision, as Cho, another UvrC-like endonuclease, is able to cut the DNA at the 3' side of the lesion . Using recombineering (Thomason et al., 2007) we constructed an UvrC D399A variant, which carries a replacement at one of the active-site residues (Lin and Sancar, 1992) and measured the rate of UvrA degradation and the removal of CPDs in this strain. At the 40 min recovery time, the half-life of UvrA protein in this mutant strain was ~440 min and onlỹ 15-20% of CPDs were removed ( Fig. 5B and C) . The cells carrying the inactive UvrC showed a minor difference in the CPD content compared to the CPDs in the uvrB mutant cells (Fig. 5C) . Interestingly, the UvrA half-life increased from ~290 min in uvrB mutant tõ 440 min in the uvrC D399A mutant cells. Thus, based on these initial results, we suggest that both elevated CPD content and a UvrB-UvrA interaction may contribute to the increased UvrA stability in cells carrying the inactive UvrC.
To determine more directly the effect of UvrB on UvrA turnover we performed in vitro degradation experiments (Fig. 6) . UvrA was degraded by ClpXP in vitro. Interestingly, the in vitro reaction required the presence of undamaged DNA. The rate of degradation was modest, consistent with our in vivo results that UvrA is not a rapidly turned-over substrate. Importantly, however, the presence of UvrB in vitro completely inhibited UvrA degradation, most likely by its direct interaction with UvrA. Further evidence for this complex formation in vitro came from the observation that the cryptic ATPase activity of UvrB was activated in the presence of UvrA (data not shown). Thus, we conclude that UvrB is likely a direct player in stabilizing UvrA via protein-protein contacts, whereas undamaged DNA appears to be an "activator" of UvrA degradation.
DISCUSSION
To ensure survival in a harsh UV-rich environment many organisms use various DNA repair mechanisms, such as the NER pathway, to remove UV-induced lesions. Most of the bacterial NER components are members of the SOS regulon and are induced following exposure to UV light, but little is known about the fate of these proteins during recovery. In this study we address the strategies E. coli uses to return the NER protein, UvrA, to its basal steady-state level as damage repair is completed. ATP-dependent proteases play an important role in diverse stress responses that allow bacteria to survive and recover from DNA damage, starvation, heat shock or oxidative stress (Gottesman, 2003; Jenal and Hengge-Aronis, 2003; Nagashima et al., 2006; Neher et al., 2006) . E. coli uses three ATPdependent proteases, ClpXP, Lon and HslUV, for degradation of numerous members of the SOS regulon to restore their basal protein levels after damage repair. Therefore, regulated gene expression and protein turnover cooperate to adjust the protein levels to the cell's needs.
The CPD content appears to determine the fate of UvrA protein
Here we show that UvrA levels peak 20 to 120 min post-UV and decrease during prolonged recovery, reaching the levels found in undamaged cells approximately 3 hours after UV exposure. The decrease of UvrA levels during post-UV recovery is a combined consequence of the decline in CPD content, the changing rate of UvrA synthesis, and enhanced UvrA proteolysis (Fig. 7A) . Importantly, we find that UvrA is degraded during post-UV recovery at rates that are correlated with the amount of repaired CPDs in the cells (Fig. 7B) . This type of change in degradation rate during a physiological response is likely very useful in the control of biological pathways, but has not been clearly demonstrated in many cases (Frank et al., 1996) . With UvrA, the maximum degradation rate is reached by 40 mins post-UV; this is also when the rate of synthesis starts to decline gradually, although synthesis is still nearly 8-fold higher than before damage ( Fig. 7A and B) . At this time point enhanced degradation appears to function to keep UvrA from accumulating to even higher levels. Notice that in the clpX and clpP mutants, protein levels continue to rise until 60 min (see Fig. 1 ). Then, in wild-type cells by the 120 min recovery point, protein levels fall due to decreased synthesis coupled with the maximum degradation rate, until they fall to such a low level that the protein is no longer efficiently recognized by the protease, and the preinduction level is restored.
A previous study demonstrated that the N-terminally His-tagged UvrA is also degraded in a ClpXP-dependent manner, with a half-life of about 5 min (Neher et al., 2006) . There were many differences in the experimental conditions of the previous work and our current study. For example in the previous study: the UvrA was tagged, it was over-expressed from a nonnative promoter, the DNA damaging agent was different, the cells were grown in a richer media, and degradation was measured by western after inhibition of protein synthesis, rather than by pulse labeling. We did not systematically analyze what factors accounted for the different degradation rates. However, the presence of additional tags in the proteins carrying natural degradation motifs often enhances protein degradation (Prakash et al., 2004; Hoskins and Wickner, 2006) . Expression levels can also have a large effect on in vivo degradation rates. Importantly both the native and tagged UvrA were substantially stabilized in a clpX mutant strain, strongly implicating ClpXP as the major protease responsible for UvrA degradation. Furthermore, based on in vitro degradation (Fig. 6) we suggest that UvrA is a direct ClpXP substrate.
One feature of the in vitro degradation reaction gives an exciting hint as to an additional controlling role DNA may play in UvrA stability. We found that undamaged DNA was a necessary cofactor to observe ClpXP-dependent degradation of UvrA in vitro. This observation suggests that the form of UvrA that is recognized by ClpXP is that which is bound to undamaged DNA, providing a very simple mechanism by which the cells could sense the UvrA that must be "cleared" from cells to prevent inappropriate targeting of NER to undamaged sites. Thus, DNA may play two opposing roles in UvrA degradation: lesioncontaining DNA is stabilizing whereas undamaged DNA appears to be a direct player in stimulating recognition by ClpXP protease.
The UvrA interacting partners differentially regulate UvrA degradation
In the presence of damaged DNA, when repair mechanisms are still necessary, UvrA is protected against degradation, whereas upon removal of CPDs, the rate of UvrA proteolysis increases. UvrB forms a complex with UvrA for proper damage recognition and we show that this protein also plays a role in UvrA stability. Deletion of uvrB increases the half-life of UvrA from ~70 min (in wild-type cells at 40 mins recovery) to ~290 min (Fig. 5B) . The principle mechanistic basis for this stabilization is probably the increased persistence of damaged DNA-UvrA interactions, since the capability to repair the CPDs is eliminated in this mutant (Fig. 5C ). UvrA stability increases further to ~440 min in the uvrC D399A mutant, which also cannot repair DNA lesions (Fig. 5B and C) ; this mutant strain has all the NER components, including the UvrB protein. An attractive interpretation of these data is that in addition to damaged DNA-UvrA interactions, UvrB protein increases UvrA stability via protein-protein contact. This hypothesis is supported by in vitro degradation experiments in which UvrB antagonizes degradation of UvrA by ClpXP (Fig. 6) . Therefore, we conclude that during the initial phases of a DNA damage response, UvrA is at least partially protected against degradation by two types of interactions: damaged DNA-UvrA contacts and UvrAUvrB protein-protein interactions.
UvrA interacts also with Mfd, which recognizes stalled RNA polymerase at the damaged site and recruits UvrA for damage repair (Roberts and Park, 2004) . Interestingly, deletion of mfd gene increases the UvrA half-life from ~70 min (in wild-type cells) to ~150 min (Fig.  5B ) although the mutant cells are able to repair the damaged DNA and have the same CPDs content as the wild-type cells at the 40 min recovery time point (Fig. 5C ). Thus, Mfd appears to be, either directly or indirectly, an "enhancer" of UvrA degradation, at least once repair is nearing completion. We speculate that Mfd likely plays two roles in UvrA stability. At early times after damage, when the CPD content is high, Mfd removes stalled RNA polymerase molecules and stabilizes UvrA by recruiting repair factors to the lesion sites. In contrast, after the damage has been repaired, Mfd switches to act as an enhancer of UvrA degradation. Two attractive models for how Mfd may promote UvrA degradation are that (1) it could function directly as a adaptor-protein, enhancing UvrA recognition by ClpXP or that (2) the Mfd-UvrA interaction may expose protease recognition determinants in UvrA protein. Thus, the NER components differentially regulate UvrA degradation: UvrB stabilizes UvrA against degradation, whereas Mfd, at least at late times during recovery appears to promote UvrA degradation.
Regulated degradation also controls nucleotide excision repair in other organisms
Components of the nucleotide excision factors (NEFs) in eukaryotes are also proteolytic substrates and their degradation is regulated in a similar way to what we report here for the E. coli proteins. The yeast NEF2, consisting of Rad4 and Rad23 proteins, binds preferentially to UV-damaged DNA. The Rad4 protein is degraded by the 26S proteasome in damaged yeast cells, and Rad23 is critical for protection of Rad4 against degradation (Lommel et al., 2002; Ortolan et al., 2004; Gillette et al., 2006) . The human XPC protein, which is a component of the XPC-hHR23 protein complex (a human homolog of budding yeast Rad4-Rad23), is also degraded upon UV-irradiation (Wang et al., 2007) and interestingly, XPC is stabilized by its association with a second repair protein, HR23 (Ng et al., 2003; Okuda et al., 2004) . Furthermore, the rate of XPC protein synthesis is also induced following UV-irradiation. Thus, an interestingly common theme emerges: in E. coli, yeast and mammals, the "distortion recognition factors" involved in the critical early recognition step of repair (UvrA in E. coli, Rad4 in yeast, and XPC in mammals) are subjected to degradation and stabilized by interacting partner proteins (UvrB, Rad23 and HR23, respectively).
The fate of other DNA damage repair proteins following DNA insults
The cells likely need to actively rid themselves of UvrA as the DNA damage is resolved because the UvrABC proteins can also incise the undamaged DNA and can be a source of spontaneous mutations (Caron and Grossman, 1988; Branum et al., 2001; Hasegawa et al., 2008) . It is also metabolically expensive to keep proteins at high concentrations when the cells do not need them. However, it has been thus far not possible to test the hypothesis that failure to degrade UvrA is mutagenic directly, as clpX mutants affect the stability of numerous SOS-regulated proteins, including the components of the "mutagenic" lesion bypass polymerase (PolV) (Frank et al., 1996; Gonzalez et al., 2000; Neher et al., 2003b) , and we have not succeeded in identifying the degradation signals on UvrA, and therefore cannot yet construct an "undegradable allele".
Is UvrA degradation likely to be sufficient to avoid the attack of undamaged DNA? What happens with the UvrA interacting proteins or other DNA repair proteins after the damage has been repaired? Studies done by Lin et al., 1997 show that in E. coli UvrB protein levels increase following UV exposure and decrease during recovery. This result suggests that proteolysis may also regulate the UvrB levels. UvrC, Mfd and RecN were found to be tmRNA substrates in Caulobacter crescentus, and thus likely to exist in a form that is rapidly degraded at least under some conditions as the tmRNA-encoded peptide tag contains recognition sites for several intracellular proteases (Keiler et al., 1996; Gottesman et al., 1998; Herman et al., 1998; Hong et al., 2007) . RecN, required for double strand breaks repair, is a ClpXP substrate and the degradation of cytoplasmic RecN aggregates after release from DNA damage is important for cell viability (Nagashima et al., 2006; Neher et al., 2006) . ClpXP protease is also required for radioresistance in Deinococcus radiodurans and controls chromosome segregation and cell division in cells recovering from γ-irradiation (Servant et al., 2007) . Thus, it is likely that we have a very incomplete picture of the extent to which proteolysis, and other protein quality control pathways play a role in the complex dynamics of the DNA damage response.
EXPERIMENTAL PROCEDURES Bacterial strains and growth conditions
Strain MC4100 or MC4100 derivatives were grown at 37°C in Luria-Bertani or M9 minimal medium supplemented with 0.4% glucose as a carbon source. Growth was monitored by measuring the optical density at 600 nm (OD 600 ). For plasmid-carrying strains and for selecting transductants, various antibiotics were added to the growth medium as recommended (Miller, 1972) .
Construction of uvrA, uvrB and mfd deletion mutants
The MC4100 uvrA, uvrB and mfd mutants were constructed by one-step inactivation using the λ Red system (Datsenko and Wanner, 2000) . The chromosomal uvrA, uvrB or mfd gene was deleted and replaced with cat cassette generated by PCR using pKD3 DNA as a template. The primers employed contained homology extensions to the noncoding regions located upstream and downstream of the respective genes and were as follows:
5'-gctggtgcaactctgaaaggaaaaggccgctcagaaagcgtgtaggctggagctgcttc-3'; 5'-catgccaccgggcaaaaaagcgtttaatccgggaaaggtgacatatgaatatcctccttagt-3' (uvrA mutant), 5'-gtatcagaaatattatggtgatgaactgtttttttatccgtgtaggctggagctgcttc-3'; 5'-gctgttttccgtttgtcatcagtcttcttcgctatcctgcatatgaatatcctccttagt-3' (uvrB mutant), and 5'-gtaaatgttgcagatgggggcgcagaaacgcccccgatttacgtgtaggctggagctgcttc-3'; 5'-ccatatgttgaggcatatcctaacgagaatctgacaaccgtcatatgaatatcctccttagt-3' (mfd mutant).
The correct replacement of the open reading frames by the cat gene was confirmed by PCR as described (Datsenko and Wanner, 2000) .
Generation of uvrC D399A allele
The uvrC D399A mutation was constructed using recombineering (Thomason et al., 2007) . A PCR fragment containing D399A replacement was generated by site-directed mutagenesis using a four-primer two-step PCR procedure (Germer et al., 2001) . As 'internal' primers 5'-gctgatagcaaagcactccatc-3' and 5'-gatggagtgctttgctatcagc-3' were used to create a double point mutation in the uvrC coding region (the altered nucleotides are bold) and the 'external' primers were 5'-caatggtttccagggaactggtatttttgaccttcgcccgtttttttac-3' (UvrC-H1 homology sequence) and 5'-caggcggtgcgacgcgtcaccgaaaaacaattcgtttccaatac-3' (UvrC-H2 homology sequence).
DY441 chromosomal DNA and the primers 5'-caatggtttccagggaactggtatttttgaccttcgcccgtttttttactgtgacggaagatcacttcg-3' (UvrC-H1-cat) and 5'-caggcggtgcgacgcgtcaccgaaaaacaattcgtttccaatacatcaaagggaaaactgtccatat-3' (UvrC-H2-sacB) were used to generate the H1-cat-sacB-H2 PCR fragment. This PCR fragment was electroporated into MC4100 cells carrying the temperature sensitive pSIM6 (Amp R ) with the λ red genes, selecting for Cm resistance (Cm R ) colonies and testing for sensitivity to sucrose. A confirmed Cm R /sucrose-sensitive candidate (containing the cat-sacB in the uvrC coding region in the chromosome) was used for electroporation of the uvrC D399A PCR fragment, selecting for sucrose-resistance colonies and then testing for Cm S . In these colonies the cat-sacB cassette was replaced with uvrC D399A . Plasmid curing was performed as described (Datta et al., 2006) . The D399A replacement was confirmed by colony PCR followed by DNA sequencing.
Expression and purification of untagged UvrA protein
The uvrA coding region was amplified from chromosomal DNA by PCR using the primers 5'-gtttaatccgggaaaggcatatggataagatcgaag-3' (NdeI) and 5'-cagaaaggatccttaacgattacagcatcggcttaagg-3' (BamHI).
The NdeI/BamHI-cut PCR fragment was cloned into digested pET11a (Novagen), resulting in pMP47. pMP47 was transformed into the bacterial strain BL21(DE3) carrying the pLysS plasmid (Novagen). Cells were grown in LB with ampicillin (100 μg ml -1 ) and chloramphenicol (30 μg ml -1 ) at 30°C to an OD 600 of 0.6 before IPTG was added. After a 4 h induction, the cells from a 3-liter culture were harvested and UvrA was purified as described (Thomas et al., 1985) with a few modifications. The pellet was resuspended in buffer A (50 mM Tris pH 8, 100 mM NaCl, 1 mM EDTA, 10 mM β-mercaptoethanol), and the cells were disrupted by French press. The whole cell extract was centrifuged for 30 min at 19000 rpm (Sorvall SS-34 rotor) and Polymin P (10%, pH 8) was added to the supernantant as described, followed by precipitation with 35% and 65% ammonium sulfate. After dissolving the precipitate in 10 ml buffer B (50 mM Tris pH 7.5, 100 mM NaCl, 10 mM β-mercaptoethanol, 1 mM EDTA, 20% glycerol), the sample was desalted (PD10 column) and loaded onto a Source Q column. The column was developed with a 102 ml gradient of 100-400 mM KCl. The fractions containing the UvrA protein were pooled and desalted onto PD-10 columns. The desalted sample was loaded onto a Hi-Trap Heparin column (1 ml) equilibrated in buffer B and developed with a 20 ml gradient 0.1-2 M KCl. The UvrA containing fractions were pooled, desalted/exchanged (PD-10 column) into buffer B and concentrated to 10 μM with an Amicon Ultra-4 (30 KDa MWCO) concentrator.
Purification of His 6 -tagged UvrA, UvrB and production of polyclonal antibodies against UvrA pET23b (Novagen, CmR) carrying a T7 IPTG-inducible promoter was used for cloning the C-terminally polyhistidine (6xHis)-tagged variant of UvrA. The uvrA coding region was amplified from chromosomal DNA by PCR using the primers:
5'-gtttaatccgggaaaggcatatggataagatcgaag-3' (NdeI) and 5'-gaaagcggccttaacgactcgagcatcggcttaagg -3' (XhoI).
This PCR fragment was NdeI/XhoI cleaved and ligated into digested pET23b (resulting in pMP46). For the N-terminally (6xHis)-tagged variant of UvrB a uvrB-coding PCR fragment was digested with NdeI and XhoI restriction enzymes and cloned into digested pET28b (Novagen, Kan R ), resulting in pMP50. The primers used were 5'-ggtagcgacatatgagtaaaccgttcaaactg -3' (NdeI) and 5'-cttcgctctcgagttacgatgccgcgataaacagc -3' (XhoI).
BL21(DE3) carrying the pLysS (Novagen) and pMP46 or pMP50 plasmids was used for expression of UvrA or UvrB. Cells were grown in LB with ampicillin (100 μg ml -1 ) or kanamycin (50 μg ml -1 ), and chloramphenicol (30 μg ml -1 ) at 30°C to an OD 600 of 0.6 before IPTG was added. After a 3-h induction, the cells from a 2-liter culture were harvested and disrupted by French press. The eluted proteins from the nickel-NTA columns were loaded onto a Sephacryl S-100 High Resolution gel filtration column equilibrated in UvrA storage buffer (50 mM Tris pH 7.5, 300 mM NaCl, 1 mM EDTA, 1 mM DTT, 10% glycerol) or UvrB storage buffer (50 mM Tris pH 7.5, 100 mM NaCl, 10 mM β-mercaptoethanol, 1 mM EDTA, 20% glycerol). Samples with a protein concentration of 10 μM 6xHis-tagged UvrA were used for rabbit polyclonal antibody production (Covance Research Products).
Pulse-chase labeling and immunoprecipitation
Pulse-labeling of cells with L-[ 35 S]-methionine and immunoprecipitation was performed as described previously (Lange and Hengge-Aronis, 1994) . For the determination of the UvrA rate of synthesis 1-ml samples were taken before and after DNA damage, and the optical density was adjusted to OD 600 of 0.3 with supernatant from their own culture obtained by filter sterilization immediately before taking the samples. The cultures were grown in M9 minimal medium containing 0.4% glucose and exponentially growing cells were harvested and pulse-labeled for 2 min, followed by chase times between 30 seconds and 150 min. Polyclonal sera against UvrA were used for immunoprecipitation. Immunoprecipitated proteins were quantified directly from the dried gels using a Typhoon scanner and ImageQuant software (Amersham Biosciences).
Gel electrophoresis and Western blotting
Sample for SDS-polyacrylamide gel electrophoresis and immunoblot analysis were taken before and after DNA damage (during post-UV recovery). Following the addition of ice cold trichloroacetic acid to 10%, the samples were harvested by centrifugation, washed with 100% acetone, and resuspended in SDS loading buffer to an OD 600 of 10. The protein levels were detected by western blot using polyclonal antibodies against UvrA and ECF detection (Amersham). Band intensity was imaged and quantified using a Typhoon scanner and ImageQuant software (Amersham Biosciences).
UV-irradiation
Strain MC4100 or MC4100 derivatives were grown at 37°C in M9 minimal medium supplemented with 0.4% glucose. At an OD 600 of 0.3, 15 ml cultures were UV-irradiated (UV dose 10J/m 2 ) in Petri plates, using a 15W G15T8 germicidal lamp (GE), and then return to flasks for further growth. The UV intensity was measured using a UVX radiometer (UVP).
Enzyme-linked immunosorbent assay (ELISA) for cyclobutane pyrimidine dimers (CPDs)
The content of CPDs was determined using chromosomal DNA and TDM-2 anti-CPDs antibodies according to the manufacturer's protocol (MBL International Corporation). Chromosomal DNA was prepared (using Qiagen DNeasy Blood & Tissue Kit) from 1 ml samples removed immediately after UV exposure or at specific times during post-UV recovery. 10 ng DNA was coated to the microtiter plates precoated with protamine sulfate and after adding TDM-2 antibodies, biotinylated F (ab′) 2 anti-mouse IgG fragments and streptavidin-peroxidase, the absorbance of colored products from hydrogen peroxideoxidation of o-Phenylene diamine was measured at 492 nm.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Samples for western blots were removed at specific time points during recovery growth of MC4100 (squares) and its clpX∷kan (circles) or clpP∷cat (triangles) derivatives. In the last lanes samples from an MC4100 uvrA∷cat derivative were loaded as a control. UvrA protein levels (marked with arrows) were quantified, normalized against the levels before UVirradiation in each strain, and represented as fold induction. The data points are the average of three independent experiments. The protein band below UvrA was used as an internal control. Experiments with uvrA -cells reveal that this protein is unrelated to UvrA, and quantification of this band reveals no evidence that this protein is itself unstable. MC4100 (squares) and its clpX∷kan (circles) derivative were allowed to recover for 40 min after UV-irradiation, and then were pulse-chase labeled to measure UvrA proteolysis. Original phosphoimager data and the data from quantitative phosphoimager analysis are shown. The data points represent the average of four independent experiments with the error bars indicating the standard deviation. Purified chromosomal DNA from wild-type cells (white bars in A) and their clpX∷kan (black bars in A) or clpP∷cat (grey bars in A) derivatives was used to determined the CPDs content by direct ELISA. The data points represent the average of four independent experiments with the error bars indicating the standard deviation (A). UvrA levels in MC4100 (squares in B) and its clpX∷kan (circles in B) or clpP∷cat (triangles in B) derivatives were determined by western blot analysis from the same cultures used for the measurement of CPDs levels. UvrA levels (marked with arrows in B) were quantified, normalized against the levels in undamaged wild-type cells, and represented as fold induction. Each data point is the average of four independent experiments. A. Schematic representation of UvrB, UvrA and Mfd protein domains. The inserted segment (residues 118-257) in the nucleotide binding domain I of UvrA (shown in black) interacts with D2 of UvrB and the putative UvrA binding surface of Mfd is buried in the D2/D7 interface (Deaconescu et al., 2006; Pakotiprapha et al., 2008) . There are no published data about the region in UvrA that interacts with Mfd. B. UvrA stability in uvrB, mfd and uvrC D399A mutant cells. UvrA rate of degradation was determined in MC4100 (closed squares in B) and its uvrB∷cat (closed circles in A), mfd∷cat (closed triangles in B) and uvrC D399A (closed inverted triangles in B) derivatives as described in the legend to Fig. 3 . The data points represent the average of four independent experiments and the error bars indicate the standard deviations. C. CPDs repair in MC4100, uvrB, mfd and uvrC D399A mutant cells (open symbols).
FIGURE 6. UvrB protects UvrA against degradation by ClpXP in vitro
UvrA degradation in vitro was performed at 30°C in PD buffer (25 mM Hepes-KOH pH 7.6, 5 mM KCl, 5 mM MgCl, 0.032% Nonidet P-40, 10% glycerol). The UvrA, UvrB, ClpX and ClpP were used at a final concentration of 1 μM in the presence of 10 nM undamaged DNA (pUC19) and an ATP regeneration system (16 mM creatine phosphate/0.32 mg/ml creatine kinase/5 mM ATP). Coomassie stained SDS-PAGE gels and final data from quantitative gel analysis are shown (squares-UvrA degradation in the absence of UvrB, circles-UvrA degradation in the presence of UvrB). Experiments were attempted using DNA that had been subjected to damaging UV-irradiation. This DNA did not stimulate ClpXP degradation of UvrA, however the results were not highly reproducible, and we suspect that the stabilizing affect of damaged DNA on UvrA involves a more complex set of components than is present in this in vitro reaction.
